• Duodenal mucosal resurfacing elicits a metabolic benefit in patients with T2DM.
• At 6 months post-duodenal mucosal resurfacing, HbA1c decreases by 1.0-1.5%.
• In patients with high ALT baseline levels, duodenal mucosal resurfacing elicits an ALT reduction of~40-50%.
• FIB-4 scores decrease significantly after duodenal mucosal resurfacing.
• Duodenal mucosal resurfacing elicits insulin-sensitizing, lipid-lowering, anti-inflammatory, and antioxidant effects https://doi.org/10.1016/j.jhepr.2019. 10.006 Lay summary Hydrothermal duodenal mucosal resurfacing (DMR) is an endoscopic technique designed to treat metabolic disease through ablation of the duodenal mucosa. DMR is a safe procedure which improves glycaemia and hepatic indices in patients with type 2 diabetes mellitus. DMR is an insulin-sensitizing intervention which can be complementary to lifestyle intervention approaches and pharmacological treatments aimed at preserving the pancreas and liver from failure. DMR is a potential therapeutic solution for patients with type 2 diabetes and fatty liver disease.
Endoscopic duodenal mucosal resurfacing improves glycaemic and hepatic indices in type 2 diabetes: 6-month multicentre results
Introduction
Type 2 diabetes mellitus (T2DM) and non-alcoholic fatty liver disease (NAFLD) are both metabolic disorders 1,2 of epidemic scale with a significant overlap between affected populations.
3 T2DM has a well understood pathophysiological foundation of insulin resistance leading to pancreatic beta cell failure. Complications may result from the primary effects of insulin resistance, as well as from uncontrolled hyperglycaemia. Despite the availability of over 50 different medicines approved for control of hyperglycaemia, nearly 50% of patients remain poorly controlled 4 due to progressive beta cell failure and poor treatment adherence. Insulin resistance also leads to NAFLD, wherein hyperinsulinemia may drive progressive fat accumulation, which in a proinflammatory milieu may foster cell stress, inflammation, and fibrosis in the liver, a condition known as non-alcoholic steatohepatitis (NASH). 5 As a consequence of rising prevalence rates, NAFLD/ NASH is predicted to become the leading indication for liver transplantation in the United States by 2020. 6 The co-existence of T2DM and NAFLD/NASH is associated with a higher incidence of complications of diabetes and liver disease than either alone. 7 have NAFLD or NASH on biopsy, even in the presence of normal plasma aminotransferase levels. 3, 8 In contrast to T2DM, there are currently no generally approved pharmacological treatments for NAFLD or NASH. Instead, the mainstay of treatment involves lifestyle changes and weight loss (preferably at least 10% reduction of total body weight) to improve inflammation and fibrosis. 9 Although a liver biopsy is still the "gold standard" for the diagnosis and assessment of liver fibrosis, non-invasive measures such as serum markers or elastography are often utilized in clinical practice. Of these, the fibrosis 4 index (FIB-4) shows acceptable diagnostic accuracy in predicting fibrosis stage and is sensitive to improvement or worsening of fibrosis in patients with NAFLD. 10, 11 Invasive procedures, such as bariatric surgery, have emerged for the treatment of severe dysmetabolic states. Gastric bypass surgery, such as the Roux-en-Y gastric bypass, is the best characterized insulin sensitizing intervention, leading to robust improvements in glycaemic state such that some patients achieve long term disease remission. 12, 13 Striking improvement in NAFLD/NASH, including reversal of fibrosis, 14 has also been observed. Notably, these metabolic improvements are not associated with post-surgery weight loss, occurring independently of body mass index (BMI) and before major weight loss has been obtained. 13 However, because of its invasiveness, bariatric surgery is not suitable as a population-wide treatment for metabolic disease.
Advances in bariatric science have demonstrated that the exposure of the duodenum to nutrients is associated with systemic insulin resistance in obese patients with T2DM. 15 Bypass of the duodenum after bariatric surgery leads to improvements in insulin sensitivity. 16, 17 Conversely, nutrient re-exposure to the bypassed duodenal mucosa in rodents and humans rapidly restores hepatic insulin resistance. 18, 19 Furthermore, excessive fat and hexose ingestion has been shown to induce duodenal mucosa hypertrophy, with unusually high densities of enteroendocrine cells in mice and men. 2, 20 Taken together, these observations suggest that the duodenal mucosa is an important metabolic regulator that determines systemic insulin sensitivity and represents an interesting therapeutic target as a means of modulating insulin resistance.
Hydrothermal duodenal mucosal resurfacing (DMR [Revita™ DMR], Fractyl Laboratories, Inc., Lexington, MA, USA) is an endoscopic technique that has been designed to treat metabolic disease through ablation of the duodenal mucosa. DMR is performed using a trans-oral endoscopic catheter that allows hydrothermal ablation of the duodenal mucosa, all under endoscopic visualization with fluoroscopic support. Clinical data suggest that DMR is well tolerated and elicits a clinically significant improvement in hyperglycaemia at 6 and 12 months in patients with T2DM poorly controlled on oral antidiabetic medications. 21, 22 In this article, we report the effect of DMR on hepatic and metabolic indices in patients with poorly controlled T2DM followed for 6 months after the procedure. Data were pooled from 2 singlearm, open-label studies: a single-centre first-in human study 21 (NCT01927562) and a multicentre study 22 (NCT02413567). We also report the effect on glycaemia in this composite cohort.
Patients and methods

Patients
We report composite data extracted from 2 studies: an initial single-centre study 21 and a subsequent multicentre study 22 conducted in 5 centres (including the centre from the original study). Patients with T2DM were eligible if they were treated with at least 1 oral glucose-lowering drug (with no changes to medication for at least 3 months prior to screening in the multicentre study) and had fasting C-peptide >1 ng/ml (indicative of sufficient beta cell reserve). They were adults (age 28-75 years) with T2DM duration <10 years, BMI 24-40 kg/m 2 , and glycosylated haemoglobin 1Ac (HbA1c) of 7.5-12.0% in the single-centre study and 7.5-11.0% in the multicentre study (upper limit of normal: 6.0%). The main exclusion criteria were: diagnosis of type 1 diabetes or history of diabetic ketoacidosis, use of insulin or GLP-1RA, autoimmune disease, history of acute or chronic pancreatitis, known active hepatitis or active liver disease, symptomatic kidney stones or gallstones, use of weight loss medication or anti-inflammatory drugs, anticoagulation therapy, or gastrointestinal surgery or duodenal abnormalities that would impede the DMR procedure. In the singlecentre study, patients were screened (including screening endoscopy of the upper gastrointestinal tract) and eligible patients were enrolled, treated with DMR, and seen for follow-up visits at day 7, day 14 and 1, 3, and 6 months after DMR. Patients and study physicians were advised to refrain from altering patients' oral glucoselowering medication use except when clinically necessary. The multicentre study included 2 visits before DMR. 1) Screening visit to select eligible patients based on the inclusion-exclusion criteria. Eligible patients underwent a 4-week run-in period during which sulfonylureas or meglitinides were discontinued. 2) Baseline visit after the runin. The DMR procedure was scheduled no more than 14 days after baseline. Follow-up visits were scheduled at 1, 3, 4.5, and 6 months after the procedure and glucose-lowering medication was kept stable for at least 6 months after the procedure. At 3 (single-centre study) or 6 months (multicentre study) a follow-up endoscopy was performed to assess the duodenum. Screening visits in both studies included completion of informed consent, physical examination and medical history. All patients provided written informed consent. Study protocols were approved by the ethics committees of the respective sites and complied with the recommendations of the Declaration of Helsinki. The effects of DMR on glycaemia have already been reported for the single-centre and multicentre study separately. 21, 22 In this paper, we additionally report the effect of DMR on hepatic parameters and carry out additional metabolomic analysis.
Sites and study design
Study procedure
Hydrothermal DMR is an endoscopic, catheter-based procedure performed under general anaesthesia or sedation with propofol. The procedure is described in detail in previous publications. 21, 22 Briefly, the procedure comprises catheter-based mucosal lifting with saline, and circumferential mucosal ablation with a hot fluid-filled balloon at the tip of the catheter. Ablation temperature and time are tightly controlled via a console specifically designed for this procedure. The ablated duodenal length was calculated by multiplying the number of duodenal ablations by the length of the ablation balloon. Post-DMR, all patients were to follow Research Article a graduated diet for 2 weeks in which clear liquid beverages were gradually expanded to solid food products.
Assessments
For this analysis, a complete DMR procedure was defined as ablated duodenal length of ≥9 cm for both studies. This complete DMR cohort was used for the efficacy analyses in this study. At all study visits, medication use, adverse events, body weight, and blood pressure were determined, and fasting venous blood samples were collected for blood analysis, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), fasting plasma glucose (FPG) and HbA1c. Mean plasma glycaemic and hepatic parameters and body weight were calculated at baseline and 1, 3, and 6 months follow-up. The primary efficacy endpoint was mean reduction in HbA1c from baseline to 6 months after the procedure. Based on baseline ALT and AST levels, patients were divided into 3 tertiles: the lower, middle, and upper tertile. The ALT tertiles were ≤27 IU/L (lower), 28-41 IU/L (middle), and ≥42 IU/L (upper). The AST tertiles were AST ≤22 IU/L (lower), 23-30 IU/L (middle), and ≥31 IU/L (upper). FIB-4 was calculated at baseline and 6 months using the formula:
]. A FIB-4 score <1.30 is associated with a low probability of clinically significant fibrosis. 10, 11 In a subgroup of patients from the initial single-centre study (n = 14), a mixed meal tolerance test (MMTT) was performed at baseline and 3 months. Patients ingested a standard liquid meal (Fresubin® [200 ml, 2.0 kcal/ml] containing 15.6 g fat, 20 g protein and 45 g carbohydrates per meal). Glucose was measured at fasting and at 15, 30, 45, 60, 90, 120, and 180 minutes postprandially. Metabolomic analysis (Metabolon, Inc., Durham, NC) was conducted on fasting and 60 and 120 min MMTT plasma samples. A non-targeted relative quantitative liquid chromatographytandem mass spectrometry platform was applied to identify structurally named and unknown molecules (Evans AM, 2009, Evans AM, 2014). All normalized relative ion counts were log-transformed, and the remaining data were imputed with the minimum value on a per metabolite basis. Complex lipids were extracted from samples in the presence of internal standards using a modification of the method of Bligh and Dyer. The extracts were concentrated, reconstituted and transferred to vials for infusion-mass spectrometry analysis. The analysis was performed on a Shimadzu LC with nano PEEK tubing and a Sciex SelexIon equipped-5500 QTRAP. The analysis was performed in DMS-MRM mode with both positive and negative ionization for a total of more than 1,100 MRMs. Individual lipid species were quantified by comparing the intensity ratios of target compounds and their assigned internal standards which were added at known concentrations. Lipid class concentrations were calculated from the sum of all molecular species within a class, and fatty acid compositions were determined by calculating the proportion of each class comprised of individual fatty acids. The false discovery rate for a given set of compounds to correct for multiple testing was estimated using the q-value. 23 Repeated measures ANOVA was performed with visit, time, and visit:time as fixed effects and subject as a random effect. The contrasts were calculated as planned contrasts for the ANOVA (Supplementary CTAT Table) . During the MMTT, glucose was measured at 0, 15, 30, 45, 60, 90, 120, and 180 min postprandially.
Statistical analysis
Statistical analysis was performed using IBM SPSS statistics version 24.0 (SPSS Inc. Chicago, USA) (Supplementary CTAT Table) . p values <0.05 were considered statistically significant. Data distribution was assessed using histograms and eyeballing. Depending on the data distribution, data are expressed as mean ± SE or median with range. Paired Student's t tests were used to compare 2 data points before and after the procedure. Differences between repeated measurements of HbA1c, FPG, ALT, and AST during follow-up were tested using repeated measures ANOVA with Bonferroni correction (3 tests, p values <0.05/3 were considered statistically significant). Where appropriate (when a linear relationship was found), we corrected for early weight loss (defined as weight loss at post-procedure week 4) or HbA1c change during analysis of the efficacy parameters.
Results
Patients Ninety-four patients (44 single-centre study, 50 multicentre study) underwent the initial endoscopy ( Fig. 1) and 85 (39 single-centre study, 46 multicentre study) patients received actual DMR treatment comprising the safety analysis cohort. Reasons to not perform DMR were presence of esophagitis ≥ grade 3 and abnormalities in the gastrointestinal tract preventing endoscopic access to the duodenum or precluding completion of DMR. From the safety analysis cohort, 67 patients (30 single-centre study, 37 multicentre study) received a complete duodenal ablation (minimal duodenal ablation length of 9 cm) comprising the efficacy analysis cohort. The mean length of the ablated segment was 9.4 ± 0.1 cm. Metabolomic analysis was conducted on MMTT plasma samples in a sub-cohort from the single-centre study (n = 14). Table 1 itemizes baseline demographics from the 2 study sources, the efficacy cohort and the metabolomic analysis sub-cohort.
Safety
The DMR procedure was completed without any intraprocedural complications in the safety cohort (n = 85) or, as inferred, in the 67 patients in the efficacy cohort. There was no gastrointestinal bleeding, perforation, pancreatitis, severe hypoglycaemia, or evidence of malabsorption, either in the period immediately following the procedure or during later follow-up. Three patients in the single-centre study from the safety cohort experienced duodenal stenosis within 2-6 weeks of the procedure as previously reported. 21 These patients developed complaints (difficulties with deglutition, epigastric pain, and/or intermittent vomiting) shortly after DMR. These cases were treated successfully by balloon dilation, following which patients did not develop new or other symptoms indicative of duodenal stenosis during 12-36 months of follow-up (2 patients completed study follow-up, a single patient was lost to follow-up at 12 months). In all other patients, no abnormalities were observed during the follow-up endoscopy after DMR, including no duodenal stenosis.
Efficacy
In the composite efficacy cohort, baseline HbA1c was 9.0 ± 0.2%. Single DMR treatment achieved significant HbA1c reductions at 1, 3, and 6 months (8.0 ± 0.1%, 7.6 ± 0.1%, and 7.9 ± 0.2%, respectively) compared with baseline (all p <0.001). This was observed despite a net reduction in antidiabetic medication in treated patients at 6 months in the single-centre study 21 , and withdrawal of sulfonylureas (n = 6) and meglitinides (n = 2) at screening in the multicentre study. 22 Other glucose-lowering medication was kept stable during 6 months follow-up in the multicentre study. FPG also decreased significantly post DMR. At 1, 3, and 6 months FPG levels were: 147 ± 5, 151 ± 5, and 161 ± 7 mg/dl, respectively (p <0.001, p <0.001, and p = 0.005 relative to the baseline of 189 ± 6 mg/dl). Mixed meal challenge (n = 14) showed a reduction in plasma glucose at 3 months (Fig. 2) , with most of the overall lowering explained by lower FPG. Body weight post-DMR decreased from 89.4 ± 1.5 kg at baseline to 86.3 ± 1.5, 86.3 ± 1.5, and 87.0 ± 1.4 kg at 1, 3, and 6 months (all p <0.001). Importantly, there was no linear relationship between early weight loss and values of HbA1c (p = 0.292) and FPG (p = 0.646).
DMR led to a reduction in serum ALT and AST over 6 months ( Fig. 3A and 3B black lines) in the composite efficacy cohort. There was a linear relationship between early weight loss and values of ALT (p = 0.039) and AST (p = 0.007) but no linear relationship between HbA1c and values of ALT and AST. Serum ALT decreased from 41 ± 3 to 35 ± 2 IU/L at 1 month post DMR (p = 0.007), continued to decrease to 30 ± 2 IU/L (p <0.001) at 3 months, and remained significantly (p <0.001) lower at 6 months with a mean value of 29 ± 2 IU/L. A similar reduction was observed in serum AST levels: AST decreased from 30 ± 2 IU/L at baseline to 27 ± 1 U/L at 1 month (p = 0.017), to 25 ± 1 at 3 months after DMR (p <0.001) and to 23 ± 1 at 6 months (p <0.001). The significance levels were corrected for early weight loss.
Tertile analysis (Fig. 3A and 3B coloured lines) of ALT and AST showed that the overall fall in aminotransferase levels was mostly driven by patients with higher baseline levels of ALT and AST. Only in the tertile with the highest baseline ALT levels, "high ALT" (63 ± 5 IU/L), was there a linear relationship between values of ALT and early weight loss (p = 0.043). When corrected for this effect, ALT at 6 months (34 ± 3 IU/L) was still lower compared to baseline (p <0.001). The "high AST" group (44 ± 3 IU/L) showed a reduction in AST plasma levels across the total followup (p <0.001) to 26 ± 1 IU/L at 6 months. There was no linear relationship between values of AST and early weight loss in all tertiles.
In the efficacy cohort, mean FIB-4 score decreased from 1.18 to 0.99 (p = 0.001). Eighteen patients (31%) had a baseline FIB-4 score Measured at the visit before the endoscopic screening, for single-centre study at screening visit, for multicentre study at baseline visit. ALT, alanine aminotransferase; AST, aspartate aminotransferase; FIB-4, Fibrosis-4 index; FPG, fasting plasma glucose; HbA1c, glycated haemoglobin. (Fig. 5) . At 60 and 120 min postprandially, L:P ratio decreased from 1.53 ± 0.17 to 0.59 ± 0.09 (p <0.001) and from 1.85 ± 0.22 to 0.73 ± 0.15 (p <0.001), respectively. The broader metabolomic panel is provided in Table 2 and highlights further significant changes in key metabolites (overall q = 0.117).
Discussion
This report combines data from 2 open-label, single-arm studies of the endoscopic DMR procedure that were primarily designed to ascertain safety and efficacy of DMR as a procedure to improve glycaemic endpoints in patients with T2DM. We found that DMR is a safe procedure which improves glycaemia, hepatic aminotransferases, and insulin sensitivity in patients with T2DM.
The safety profile from this early clinical experience of endoscopic DMR is encouraging. Patients who underwent the procedure experienced minimal intolerance and few gastrointestinal symptoms after the procedure. During the initial development of the procedure, isolated cases of duodenal stenosis were observed and treated by endoscopic balloon dilation without further sequelae. 21 In the follow-up period of 12-36 months (2 patients completed study follow-up, a single patient was lost to follow-up at 12 months), no additional symptoms indicative of duodenal stenosis were reported. It is unlikely that additional sequelae would develop later than 6 months after successful balloon dilatation since regeneration of gastrointestinal mucosa occurs within 6-8 weeks. Following these 3 cases, this risk appears to have been mitigated as overlapping ablation is avoided and more extensive mucosal lifting is performed during the subsequent DMR procedures. No further cases of duodenal stenosis are reported in 48 additional cases in these 2 studies.
The data summarizes the improvement in glycaemia, and points at an additional improvement in hepatic aminotransferases and FIB-4 scores, with a metabolomic signature that suggests an insulin sensitizing mechanism. A broader array of inflammatory changes, oxidative stress, and lipid changes suggest that DMR has favourable effects on liver metabolic fitness. Notably, the L:P ratio in blood decreased substantially, indicating a decreased NAD + /NADH ratio in the cytosol of hepatocytes and decreased mitochondrial stress, which are in turn features of improved glucose homeostasis. 24 These improvements in hepatic measures cannot be easily explained as either a consequence of improved glycaemia or observed weight loss after the procedure. This therefore implies that alternate independent mechanisms could be responsible for this metabolic change and that DMR possibly alters local duodenal signalling in a manner favourably affecting liver metabolic health.
DMR elicited an approximate 1.0-1.5% reduction in HbA1c 6 months post-DMR. This finding was coupled with a glycaemic lowering effect observed in the patients who underwent a meal challenge test. This effect on glycemia is impressive and comparable with most pharmacological interventions despite net medication reductions in the cohort. DMR also elicited a robust lowering (~40-50%) of ALT and AST in the higher baseline patients with no sign of erosion of effect through 6 months. Active hepatitis, active liver disease and active alcoholism were exclusion criteria for study participation. However, it cannot be ruled out completely that these conditions were possible confounders in this analysis. The metabolomic signature reported key lipid lowering (TAGs, DAGs, FFAs), 25 insulin sensitizing (lowering of lactate and increase in pyruvate, 26 reduction of 2-hydroxybutyrate 27 ), and anti-inflammatory effects (reduction of leukotriene B4 and 5-HETE), 28 as well as increased antioxidant capacity (increase in cysteine and glycine and reduction in degradation products indicate increased availability of glutathione, although not directly measured). 29 Improved FIB-4 scores point at improvement of fibrosis in NAFLD. These effects suggest a likely beneficial effect of DMR in fatty liver disease. An increase in 1,5-AG is indicative of an improvement in hyperglycaemia, since it is markedly decreased by inhibition of tubular reabsorption during periods of hyperglycaemia. 30, 31 A shortcoming of this report is the lack of an appropriate control which would have enabled us to better measure the magnitude of DMR's effect and the pattern of change over time. That said, the magnitude of change of both glycaemic and hepatic indices and the intriguing metabolomic signature would suggest that the procedure has indeed exerted favourable metabolic change. All patients underwent a 2-week period of graduated diet immediately after the procedure that was not intended to be hypocaloric, but caloric restriction cannot be ruled out and a small but significant reduction in body weight was observed (~2-3%). This weight loss did have an interaction with the decrease in aminotransferase levels, but aminotransferase levels were still significantly lower post-DMR when this effect was taken into account. Additional shortcomings include no accounting for other hepatic confounders (e.g. alcohol consumption), no liver imaging or histological data, and no additional MMTT and metabolomic data at 6 months follow-up. These factors will be better addressed in future studies.
To conclude, hydrothermal ablation of the duodenum by DMR elicits a metabolic benefit in patients with T2DM, manifesting with improvement in both glycaemic and hepatic indices. Achievement of such metabolic benefit through a minimally invasive endoscopic treatment offers a potentially new therapeutic solution for patients with T2DM and fatty liver disease. Given that adherence and persistence to diets and medicines represent important and unmet clinical challenges, a safe and scalable procedural intervention that does not require daily behavioural change could provide meaningful benefit to patients who otherwise struggle to achieve adequate disease control. This effect appears to be elicited through an insulin sensitizing mechanism, in keeping with evidence from the bariatric literature in animal and human studies that highlight the duodenum as a key metabolic signalling organ. Such an insulin sensitizing intervention could be complementary to lifestyle intervention approaches and pharmacological treatments aimed at preserving the pancreas and liver from failure.
At this time, it is unclear what actual signals emanating from the duodenum contribute to the apparent untreated insulin resistant state, and how these are modulated by local DMR. Additional research to elucidate this gut-borne mechanism is underway. Further clinical study is also required to better understand and confirm the clinical utility of DMR as an actual disease intervention for both T2DM and fatty liver disease and their significant overlap that Metabolomics analysis sub-cohort (n = 14). 13-HODE, 13-hydroxyoctadecadienoic acid; 9-HODE, 9-hydroxyoctadecadienoic acid; 5-HETE, 5-hydroxyeicosatetraenoic acid.
Research Article exists between these 2 metabolic conditions. Key clinical questions will focus on establishing efficacy and the magnitude and durability of effect for both conditions. Further clinical investigation will include appropriately controlled prospective study conditions in addition to more detailed clinical and metabolic measures, liver imaging (e.g. MRS-FF) and histology. 
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